Chondrules are the major constituents of chondritic meteorites; however, their origin is still an enigma for meteoritic science. In this work we report the results of melting minerals to experimentally generate objects similar to chondrules. The degree of fusion of olivine appears to be an important factor in determining the width of the bars in samples with barred-type olivine (BO) chondrules. On the other hand, the contribution of clays and carbon (possible precursor grains) is an important factor in those experiments where the melted samples showed porphyritic texture.
Introduction
In meteoritic science one of the biggest enigmas is the formation of chondrules, the nature of the precursor materials, the physical conditions (pressure, temperature and time) and the generating mechanisms (e.g. King, 1983; Boss, 1996; Rubin, 2000; Scott, 2007; Alexander et al., 2008; Morris and Desch, 2010) . In order to obtain more information about the origin of chondrules, it is necessary to describe the petrology of natural chondrules to guide experiments that are expected to reproduce the textures of natural chondrules. Through experimental research it is possible to simulate the conditions of melting of the chondrules and the type of cooling they have experienced. Connolly et al. (1991) suggested that the size of the precursor grains influences the texture of the chondrules. Connolly and Love (1998) proposed that "A definitive petrologic correlation between chondrule size and degree of heating would be a key discriminator for the soundness of many chondrule formation mechanisms."
Purpose
The objective of this paper is to report the results of the experimental use of radiation from an infrared laser to melt silicates, simulating the formation of chondrules (barred and porphyritic types) by rapid heating and cooling. We do not intend to make an exhaustive analysis of the formation mechanism or properties of precursors from the results presented here. Our experiments are the starting point to guide more detailed ones, where we will be able to control and measure the chemical properties and physical conditions (pressure and temperature) of the samples. These guidelines are very important to constrain those variables that should be taken into account in our next set of experiments.
We assume that the chondrules are formed by multiple heating steps (Wasson, 1996; Rubin, 2000) , and that the presence of carbon-related material as a precursor is relevant (Connolly and Hewins, 1996; Hewins, 1997; Connolly and Love, 1998) . Chondrules in nature were formed in conditions of vacuum (10 -5 atm) and in relatively reducing conditions (e.g. Boss, 1996; Wasson, 1996; Alexander et al., 2008) . Wasson (1996) and Desch et al. (2010) questioned the experiments that reproduced the formation of chondrules using furnaces, whose pulse heating and/or cooling rates were slow, because they do not take into account the actual conditions of chondrule formation. The main aspects of chondrules to be considered are (e.g. Boss, 1996; Wasson, 1996; Alexander et al., 2008; Morris and Desch, 2010) :
Previous work
1. The experiments must favor the retention of volatile materials such as FeS, Na and K, which do not survive in conditions of heating and/or cooling that require several minutes, hours and even days to form chondrules (Lofgren and Lanier, 1988; Lofgren, 1989) . 2. The relict grains and their igneous textures were formed through different heating pulses and not by monotonous cooling subsequent to a single event of heating (Hewins and Fox, 2004) . Wasson (1996) suggested that some chondrules recorded at least two heating events; however, the conditions of temperature-time of these events should allow the preservation of the volatile components. These heating events occurred before chondrules were incorporated into the chondritic parental body, in the early stage of the formation of the solar system (Hernández- Bernal and Solé, 2010; Connelly et al., 2012 ). An experimental insight into these radiation-structure interactions is of interest to tailor formation of these structures and to translate this knowledge in order to understand the evolution of the solar system. The first experiments that used the infrared radiation from a laser to form molten chondrule-like objects were carried out by Nelson et al. (1972) , in which radial textures of pyroxene were reproduced. Droplets of alumina, enstatite, forsterite, enstatite-albite, forsterite-albite and mixtures were melted by using a CO 2 laser and the initial temperatures of the melts were measured using an optical pyrometer. Blander et al. (1976) irradiated enstatite beads located at the center of a furnace with a CO 2 laser. The furnace was used to control the background temperature during the experiment. The cooling time before nucleation was visually determined. The nucleation temperature of the resulting melts was calculated assuming that energy loss at the surface of the spherule occurred by radiative heat loss only and that the temperature within the spherule was approximately uniform at any given time. Contrasting these experimental results, they conclude that supercooling is an important factor contributing to the large variety of textures and crystal sizes observed in chondrules. Eisenhour et al. (1994) used a 10 W argon-ion laser to irradiate olivine and pyroxene-rich assemblages. Their results determined that radiative heating may have been significant for chondrule formation as a result of the similarity of the fluffy opaque inclusions in naturally occurring and experimental solids. Thermal history of the grains during the experiment was inferred using the absorption properties of olivine. The latest experiment reported was performed by Beitz et al. (2013) using a 50 W CO 2 laser to irradiate spinel and olivine chondrule analogs. This experiment was focused on studying the porosity in the dust rims of chondrules; therefore, petrological and chemical properties of the samples were not reported. Moreover, the pressure used to perform all these four experiments was not reported, making it difficult to assess the effect of this factor in the observed properties.
We present here the melting of minerals by means of a CO 2 laser in the geochronology laboratory at Instituto de Geología, UNAM (Solé-Viñas, 2004 ).
Experimental procedure
To reproduce chondrules, we used natural crystals of olivine as precursor material. The crystals were obtained from spinel peridotite xenoliths from "La Olivina", Chihuahua. La Olivina peridotite mineral modes vary between olivine 50 -70 vol.%, orthopyroxene 15 -25 vol (Nimz et al., 1993) . Conditions controlled in the experiments were: chemical composition of the grains precursors, mass, size of the sample and heating time. The chemical composition of the mineral was obtained using X-ray fluorescence (XRF), according to the methodology of Bernal and Lozano-Santacruz (2005) .
The experiments were carried out at the Laboratory of Noble Gas Geochronology (Solé-Viñas, 2004) . Samples were melted with a Merchantek ® laser MIR10 CO 2 with 50 W of power that emits in the infrared (10.6 µm). The samples were weighted and mounted on a steel sample holder.
The melts were observed and photographed with an Olympus digital camera adapted to a LEICA binocular microscope. After that, to appreciate the external morphology and chemical composition of the melts, the samples were analyzed with a JEOL35C scanning electron microscope (SEM), which has an EDS analyzer (Instituto de Geología, Universidad Nacional Autónoma de México).
The samples EX1#6, EX1#7, EX1#8, EX1#62, EX1#66, EX1#94 and EX1#95 were selected and embedded in epoxy resin and cut into thin sections with a Buehler low speed cutter at the Instituto de Astronomía, UNAM.
The chemical composition of the minerals in the melted samples was obtained with a JEOL JXA 8900R electron probe microanalyzer (EPMA) (Laboratorio Universitario de Petrología, UNAM). Analyses were conducted at 20 keV accelerating voltage with a beam current of 20 nA, a beam size of 1 µm and 10 -40 s counting times. Atomic number (Z), absorption and fluorescence correction (ZAF correction) was made to all analytical data obtained, for Capoor, Ca-rich pyroxenes, and olivines. In order to avoid the Na and K loss, we used a probe current of 10 nA for glass. Natural and synthetic phases of well-known compositions were used as standards. We critically evaluated the 306 WDS analyses based on their total stoichiometry. SEM backscattered electron (BSE) imagery was used to investigate the microtextures, porosity and mineralogy of the chondrules.
Properties of the precursor
Physical properties: The crystals of olivine used as precursor material were crushed and separated into fractions of size less than 212 µm, between 300 and 500 µm, and larger than 500 µm (Figure 1, Table 1 ). Activated carbon was mixed with clays and milled to obtain powders of 300 µm in grain diameter.
Chemical properties: The olivine concentrate was analyzed by means of X-ray fluorescence. The average content of forsterite (Fo = Mg/(Mg + Fe)) is 91.6 mol% ( Table 2 ). On the other hand, the coal we used is a bituminous activated carbon in the form of pellets and combined with clay. Clay minerals are present in meteorites, for example smectite, serpentine and clinochlore found in Tagish Lake (Zolensky et al., 2002) .
Experimental Conditions
In total, 11 samples of olivine were melted at ambient temperature and pressure. Room temperatures have been used in other experiments performed with lasers to simulate chondrule formation (Nelson et al., 1972; Beitz et al., 2013) . In particular, Nelson et al. (1972) used a cool (300 K) and a high (2000 K) background temperature for their experiments finding no significant effect in the resulting textures. Following other authors, we performed our experiments at 1 atm (e.g. Hewins et al., 1982; Yu et al., 2003; Hewins et al., 2005) .
The conditions of power and size of the laser beam were different for each sample (Tables 1 and 2 ). The diameter of the laser beam varied between 1000 and 2540 µm, and the power was between 8 and 25.8 W. The energy of the system was calculated on the basis of the irradiation time. Two of the samples (EX1#6 and EX1#7) were dusts of olivine under 212 µm, seven of the samples were single crystals of olivine with sizes between 776 and 2093 μm (EX1#8, EX1#60, EX1#61, EX1#62, EX1#65, EX1#66, EX1#67, Figure 1 ). Finally, two of the samples (EX1#94 and EX1#95) were mixed (1:1) and activated carbon contaminated with clays (300 -500 μm) in order to maintain as low as possible the fugacity of oxygen during the melting process. Selected sample weights were chosen to obtain melted spheres with diameters ca. one millimeter (taking into account that the density of the olivine is 3.22 g cm -3 for forsterite and 4.39 g cm -3 for fayalite). The melting time of the experiments was measured starting when the laser was turned on and reached the sample, and until the laser was turned off. Some samples were irradiated twice; during the second time, the interval was usually shorter than the first irradiation time ( Table  2 ). The power of the beam was increased gradually from 2 -3 W to maximum values (Table 2) . Only some samples were re-melted using a higher power compared to the first 
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Results

Textures of the melted samples
Barred Olivine-like samples
In this work we use the texture description of olivine dendrites by Faure et al. (2003a; 2003b ) who developed a model to correlate olivine morphology as a function of cooling rate and degree of undercooling. Morphology of dendrites as a function of increased undercooling parameter follows the sequence: tablet → hopper crystal (hourglass shape) → incipient dendrite (baby swallowtail crystal) → dendrite (swallowtail morphology). Lattice olivine, chain olivine and branching olivine represent different cross-sections of the same kind of dendrite fiber (Faure et al., 2003a) . The growth of dendrites is the result of the propagation of small aligned hopper crystals to form the dendritic fibers; we use "bar" as a synonym for those dendritic fibers. Figures 2a, 10) . The parameters measured were the thickness and the separation of the olivine bars. Variations in these parameters were related to the power of the laser beam applied in their last warming-up event (Table 3, Figure 11 ). Samples EX1#62, EX1#6, EX1#65 and EX1#61 presented huge olivine bars with several microns of empty space in between each bar (Figures 2, 3 , 4, and 5, respectively). Sample EX1 #62 presents coarse bars (250 µm) with two sets of orientation; the first set is composed of four bars almost parallel to each other; the second is composed of three bars perpendicular to the previous set. Samples EX1#6, EX1#65 and EX1#61 exhibit bars and empty spaces thinner than in EX1#62. All samples show olivine bars intercepted by each other.
We observed prismatic crystallites of olivine with well-developed faces at their endings between the bars of samples EX1#65 and EX1#61. Those bars are connected by lateral branches and chain olivine according to the dendrite morphology used by Faure et al. (2003a, b) (Figure 4 and 5, respectively). The final power of the beam supplied to melt these samples ranged between 25.8 and 15.8 W (see Table 3 ).
The bars of samples EX1#67, EX1#60, and EX1#8 did not have empty spaces in between (Figure 6 and 7) . These bars showed different orientations. A study by SEM revealed that chain olivine morphology is common (Figure 6 ). The experiment EX1#8 presents thin chains of olivine. Cross sections of these samples showed dove-shape crystals and the rim of the sphere clearly differentiated from the interior of the melt (Figure 7) . The final power of the beam used to irradiate samples was between 10 and 7.5 W (see Table 3 ).
Porphyritic-like samples
The samples with carbon presented a porphyritic texture (EX1#94, EX1#95; Figures 8a, b) . Sample EX1#94 was irradiated twice while EX1#95 was melted only once. Crystals of olivine and pyroxene were formed when sample EX1#94 was melted down for the second time. To melt these samples the final power of the beam was 20 and 14 W, respectively (see Table 3 ). Remarkably, in samples EX1#94 and EX1#95 the melting occurred more rapidly in contrast with the samples without carbon, showing a barred olivine morphology. Sample EX1#95 presented a degassing of the material. A more detailed inspection through the SEM of sample EX1#94 showed a vitreous and phenocrystalline portion of the porphyritic surface. The hemisphere that was exposed during a second irradiation of the laser beam showed skeletal crystals ( Figure 9 ). Crystals of olivine show chain-like morphology (Figure 9 ).
Chemical analyses of samples
Samples EX1#8 and EX1#94 were analyzed by means of EPMA (Table 4 and 5). The microanalyses of EX1#8 are representative of the samples with barred textures. Bars have a chemical zoning; dove-shape crystal cores are enriched in magnesium (Fo 94 mol %) whereas the edges of the dove-shape crystals are enriched in iron (Fo 82 mol %), especially near the surface of the sphere (Fo 65 mol % ). The image taken with EPMA exhibits the iron-rich zones in cyan tones, corresponding to the edges of the dove shape olivine crystals (Figure 7c) .
The melt EX1#94 is representative of the porphyritic textures. Olivine and pigeonite phenocrysts were found near the surface of the sample (Figure 8a and b) . Figure 9 showed phenocrysts of olivine embedded in glass for sample EX1#94. Olivine presents homogeneous composition (Fo 91 mol %) (Table 5; Figure 10 ). Crystals of olivine had straight edges with respect to the glass of the sample. Near the surface, olivine phenocrysts exhibited reaction bays and elongated crystals of olivine (Fo 96 mol %) interspersed with internal lamellae of pigeonite (~ En 79 mol %, Wo 6 mol %, see Table 6 ; Figure 10 ). Figure 10 shows that the edges of the crystals of olivine react with the glass. This reaction results in pigeonite lamellae and MgO %-enriched olivine. The composition of the glass is homogeneous and is enriched in iron and magnesium oxides (~ 7 and ~ 30 wt %, respectively, Table 7 ). The compositional image taken by EPMA shows the distribution of magnesium, with the olivine core enriched in this element (Figure 9 ). Table 4 shows that the sample EX1#8 retained volatile elements (Na and K) although they are not homogeneously distributed in the sample. The dove-shape textures show a depletion of these compounds in their cores and enrichment at the edges. , Figure 11 ). This corresponds to the number of crystallization nuclei that survives due to the high energy applied. Other experiments, using laser, confirmed that the cooling rates are related to the size of the crystals (Nelson et al., 1972; Blander et al., 1976) , however, these results cannot be directly compared with ours because their system contains enstatite.
According to the experiments by Faure and collaborators (2003b) , to form dendritic crystals similar to those obtained in this work, it is necessary that the material exceeds the liquidus temperature of the CMAS system (CalciumMagnesium-Aluminum-Silica; T liq = 1342 ºC) to 1400 °C with cooling rates of ~ 1890 ºC/h, these experiments lasted 24 hours. According to the olivine morphology model, Faure et al. (2003a; b) found that olivine dendrites (swallowtail morphology) are formed by a rapid growth regime. This fast crystallization is mainly influenced by the degree of undercooling with minor influence of cooling rate.
On the other hand, the model by Lofgren (1996) , based on several experiments reported in the literature, suggests that the chondrules were melted at temperatures ranging from 1200 ºC to 1750 °C during a time that goes from seconds up to a few minutes. On rare occasions, when the temperature reached 1900 °C, the sample was melted after few seconds. In this study, the time required to melt the crystals of olivine was from a few seconds up to a 1 minute. Using the phase diagram by Nagahara et al. (1994) we inferred a temperature range of our experiments between 1400 ºC to less than 1900 ºC. Temperature during experiments has been measured by thermocouples (e.g. Hewins et al., 1982) and derived from theoretical arguments considering energy balance (Blander et al., 1976; Eisenhour et al., 1994) . When the precursor material is coarse-grained, BO textures are formed at higher temperatures of 2100 ºC . As was pointed out by Varela et al. (2006) , the formation of classic type BO chondrules by melting of solid precursors requires the consideration of several aspects: (1) complete melting plus overheating that will eliminate all nuclei, (2) cooling of the system: homogeneous nucleation will take place only after some undercooling, (3) the first nucleus has to crystallize instantaneously to form one crystal for the whole droplet, giving rise to the BO chondrule.
Porphyritic-like samples
Carbon is present in all types of chondrites. Carbonaceous chondrites have 3 to 5 wt % of carbon, the ordinary chondrites may contain 1.5 wt % or less (e.g. Kerridge, 1985) , while the enstatite chondrites may comprise 0.056 to 0.5 wt % (Moore and Lewis, 1966) . Carbon content is organic matter, carbonates, and minor amounts of presolar grain materials such as diamond, graphite, and silicon carbide (Gilmour, 2003) . A straightforward association was observed between the distribution of organic matter and hydrous clay minerals, suggesting that the production of clays by aqueous processes influenced the distribution of organic matter in meteorites (Gilmour, 2003) . The contribution of activated charcoal with a certain content of clay in samples EX1#94 and EX1#95 was a factor that contributed to the formation of the porphyritic texture. Clay minerals contain a greater amount of SiO 2 , which contributed to the formation of pigeonite. However, pigeonite occurred near the surface, where the oxygen in the atmosphere was higher compared to the reducing atmosphere (Figure 9 ). Is the presence of clays with carbon compounds important for the formation of porphyritic chondrules? If so, the contribution of carbon and clay are important phases to be considered in the formation of porphyritic chondrules, mainly because these type of chondrules are very abundant in chondrites (ranging from 50 to 80 vol % of the total of chondrules). Thus, in future work it will be crucial to control the composition and proportion of clay as well as the carbon-based compounds. The processes of formation of chondrules were high temperature events and surely the compounds of carbon were volatilized in the spot areas where they were formed.
Conclusions
From this preliminary set of experiments, we have derived the following constraints that will be further explored in our future experiments:
• The width and amount of olivine bars are related to the energy of irradiation, i.e., the more energy used (higher temperature), the bars of olivine are fewer and wider in the sample. However, these bars are also larger and thicker. This is due to the fact that there are fewer crystallization nuclei that compete for the available matter.
• In spite of the fact that the exact temperatures reached during the experiments could not be determined, the textures compared with those reported in the literature and suggest that the range of temperature reached during the experiments was between 1400 up to 1900 °C.
• The textures obtained in these experiments are similar to the barred olivine, olivine and pyroxene porphyritic chondrules of ordinary chondrites.
